Genomic copy numbers and the rates of movement of nine families of transposable elements (TEs) of Drosophila melanogaster were estimated in two sets of mutation accumulation lines : Beltsville and Madrid. Southern blotting was used to screen a large number of samples from both genetic backgrounds for TEs. The Madrid lines were also screened by in situ hybridization of TEs to polytene chromosomes, in order to obtain more detailed information about the behaviour of TEs in the euchromatin. Southern blotting data provided evidence of insertions and excision events in both genetic backgrounds, occurring at rates of approximately 10 −& and 10 −' per element copy per generation, respectively. In contrast, in situ data from the Madrid background presented a completely different picture, with no evidence for excisions, and a significantly higher rate of transposition (1n01i10 −% ). Direct comparison of the two data sets suggests that the Southern blotting technique had serious deficiencies : (i) it underestimated element abundance ; (ii) it revealed less than 30 % of the new insertions detected by in situ hybridization ; and (iii) changes in the size of restriction fragments from any source were spuriously identified as simultaneous insertion-excision events. Our in situ data are consistent with previous studies, and suggest that selection is the main force controlling element spread by transposition.
Introduction
Transposable elements (TEs) are short fragments of DNA capable of inserting replicas of themselves into novel genomic locations (Berg & Howe, 1989) . They are present in most species, and contribute to a significant part of their genome : from 1 % to 10% in species of the genus Drosophila, up to 40 % in humans, or even more than 90 % in some plants such as wheat or pine (Flavell, 1986 ; Berg & Howe, 1989 ; Capy, 1997 ; Lander et al., 2001) . TEs are a major evolutionary force both at the genetic (Finnegan, 1992 b) and the cytogenetic level (Steinemann & Steinemann, 1998 ; Andolfatto et al., 1999 ; Ca! ceres et al., 1999) , and the study of the forces that determine their abundance is a task of major importance if we want to understand the organization and evolution of the genome Capy, 1997) .
Population genetic models propose that TEs are maintained by an equilibrium between their ability to spread by transposition, and the rate at which they are eliminated, either by self-mediated excision or by selection against the presence of insertions (Charlesworth & Charlesworth, 1983 ; Langley et al., 1983 Langley et al., , 1988 Kaplan et al., 1985 ; Brookfield, 1996) . Data from surveys of TEs on Drosophila melanogaster populations suggest that the mean rate of elimination of elements in nature is " 10 −% per copy per generation, which implies that transposition rates of similar magnitude are expected if elements are at or near equilibrium in these populations (Charlesworth & Langley, 1991) .
The models can therefore be tested by obtaining independent estimates of the rate at which elements move in nature. However, very few studies have directly addressed this question (Nuzhdin & Mackay, quantification of element transpositions and excisions in accumulation experiments by means of in situ hybridization of TEs to polytene chromosomes, or of Southern blotting of whole genomic DNA with TE probes. The in situ studies produced evidence that transposition rates in the euchromatin are indeed usually very low, of the order of 10 −% , and that excision rates are practically negligible (around 2 orders of magnitude lower) (Nuzhdin et al., 1997 ; Maside et al., 2000) ; on some genetic backgrounds, however, certain elements can move at an exceptionally high rate (Bie! mont et al., 1987 ; Pasyukova & Nuzhdin, 1993 ; Nuzhdin & Mackay, 1994 ; Prud'homme et al., 1995 ; Nuzhdin et al., 1998) .
The results from in situ hybridization experiments are broadly compatible with the population genetic models, in particular with the view of TEs as intragenomic parasites (the selfish DNA model) (Doolitle & Sapienza, 1980 ; Orgel & Crick, 1980) , and with selection as the main force controlling their abundance (Charlesworth & Langley, 1991) . Interestingly, the only Southern analysis yet available produced a rather different picture (Domı! nguez & Albornoz, 1996) . Estimates of the rates of transposition were significantly lower than the above, of the order of 10 −' , and similar to those of excision. The authors suggested that this means that TEs cannot be considered to be mere parasites, and that complex regulatory interactions between the different TE families and the host genome need to be invoked to account for the population data (Domı! nguez & Albornoz, 1996) . This raises the question of the importance of the genetic background for the outcome of accumulation experiments, and the extent to which in situ data are representative of the dynamics of TEs in the whole genome.
Here we report the results of a study on the rates of movement of the same nine families of TEs in two different genetic backgrounds, which provide new estimates. We combined Southern blotting and in situ hybridization, in order to obtain a meaningful comparison of the results from the two techniques. Our findings are consistent with the selfish DNA hypothesis, and question the utility of the Southern blotting approach for these purposes.
Materials and methods

(i) Genetic stocks
Element movements were studied in two independent genetic backgrounds. The ' Beltsville ' accumulation lines consisted of a set of 60 replicate inbred lines derived from an isogenic stock, IS-31, constructed from X, second and third chromosomes independently extracted from the Beltsville natural population , and kept by single pair matings for 31 generations. The ' Madrid ' background consisted of 200 inbred lines derived from a completely isogenic foundation stock (Caballero et al., 1991) . Inbred lines were kept by double first cousin matings or single brother-sister matings for 47 generations (Santiago et al., 1992 ; Ferna! ndez & Lo! pez-Fanjul, 1996) , and by single brother-sister matings for a further 215 generations. In both cases, flies were reared on standard cornmeal-agar-yeast-sucrose medium at 25p1 mC.
(ii) Probes
Probes for nine families of retrotransposable elements were used : 297, 412, 1731, copia, mdg-1, opus and roo are retrotransposable elements with long terminal repeats (LTRs) ; doc and jockey are retrotransposons without LTRs . DNA fragments internal to each TE family (except doc) were isolated from the DNA genomic clones described by , by digestion with selected restriction enzymes, followed by purification of the desired bands by agarose gel electrophoresis. Isolated DNA fragments were then subcloned into an appropriate vector ( pBluescript 2KSP, Stratagene Cloning Systems), and the subclones checked by direct sequencing from the M13 primers at both ends of the vector. A DNA fragment internal to doc was obtained by PCR amplification with specific primers from total genomic DNA from the accumulation lines and subcloned with the Topo-TA cloning kit (Promega). The lengths of the isolated fragments, restriction enzymes and primer sequences used for the construction of the clones are shown in Table 1 .
For making the probes used in the experiments described below, element sequences were isolated from the subclones by PCR amplification from the M13 primers derived from the cloning vectors. The resulting products were purified by agarose gel electrophoresis or with the Qiaquick PCR Purification Kit (Qiagen), and labelled with the Renaissance Random Primer Fluorescein Labeling Kit (NEN) for the Southern blotting analyses, or with Biotin High Prime (Boehringer Mannheim) for the in situ hybridization analyses.
(iii) Southern blotting analyses
Total genomic DNA from 20-25 individuals from each accumulation line was extracted with Puregene Isolation Kit (Gentra). Five micrograms of DNA per line were digested at 37 mC for 5 h (Table 1) , sodium acetate-ethanol precipitated, and resuspended in H # O. Electrophoresis was carried out in a 25i15 cm, 0n6% agarose gel, at 0n20 V\cm#, until the 3 kb marker , revealed that opus (Kidd, 1986) and nomad (also called yoyo) (Whalen, 1998) are the same element. b The primers for the amplification of the doc internal sequence were doc-f : 5 h CTT CGT AGG CGT CGT TTA TC 3 h and doc-r : 5 h TTC GGC ATT CCA CAG TCT TC 3 h.
reached the bottom of the gel (aprox. 14 h). DNA was then denatured, transferred and UV-crosslinked onto a positively charged nylon membrane (Boehringer Mannheim) using standard methods (Sambrook et al., 1989) . DNA-DNA hybridization and detection were performed using the Renaissance Random Primer Fluorescein Labeling Kit with Antifluorescein-AP (NEN). In order to obtain a single band per element insertion in the Southern blots, restriction enzymes that do not cut within the portion of the element sequence homologous to the TE probes were selected for digestion of the genomic DNA ( Table 1) . Element movements were detected from changes in the pattern of bands in the accumulation lines. In each genetic background, the ancestral pattern was inferred from the bands shared by all the lines from the same background. New bands were considered to represent new insertions and band losses, excision events. With the chosen combination of probes and restriction enzymes, full element insertions were expected to create bands with an average size greater than 7 kb (at least 3 kb of element sequence plus an additional flanking sequence with a mean size 4 kb, if the restriction enzyme cuts within the element). In order to avoid the inclusion of defective element copies in the counts, only bands of 5 kb or larger were considered in the following analyses.
(iv) In situ hybridization
Salivary glands from third-instar larvae were dissected and hybridized following previously described protocols , with minor changes : salivary glands were fixed in 1 : 2 : 3 solution for 2 min prior to squash ; all dehydration times in ethanol 70 % and 100 % were shortened to 1 min and 2 min, respectively ; the denaturation step with NaOH 0n07 N was 4 min ; the first wash in 2iSSC after hybridization was performed at 50 mC ; and 50 µl of DAB solution per slide was used in the detection step. Slides was examined under a i40 phase contrast objective, and stained with 5 % pH 7n1 Giemsa solution when chromosome bands were faint or when a large number of signals complicated the readings.
In the salivary glands of Drosophila larvae, chromosomes undergo polytenization, a process by which euchromatin and β-heterochromatin (Dimitri, 1997) go through up to nine rounds of replication without separation of the resulting sister chromatids. The remaining chromatin is condensed, non-polytene α-heterochromatin, found as a compact region around the centromere of each chromosome. The β-heterochromatin does not present the banding pattern characteristic of the euchromatin, and can be seen only as an amorphous region at the bases of each chromosome arm. Hybridization signals in the αor β-heterochromatin should therefore be considered as merely indicative of the presence of TEs, but no further information as to element abundance or location can be extracted. The chromosomal sections included in this analysis were : 1A to 20B (X), 21A to 40F (2L), 41A to 60F (2R), 61A to 80C (3L), 81F to 100F (3R) and 101F to 102F (4), as depicted in the Lefevre photographic maps of the polytene chromosomes (Lefevre, 1976) . Element excisions and new insertions were detected from changes in the position of hybridization signals of the different TE probes on the polytene chromosomes. Several nuclei were analysed per slide. Replicate slides were made whenever counts from the different nuclei were inconsistent.
Results
(i) Southern blotting analyses
Element copy numbers in the ancestral state, and numbers of new insertions and excisions detected in both genetic backgrounds for each family, are shown in Table 2 . Mean element abundances in the Beltsville and Madrid lines are 22n4p1n27 and 22n9p2n57 copies per family per genome, respectively. Family copy numbers vary between 12 and 39, are very similar between genetic backgrounds, and in general are of the same magnitude as those reported in the literature (Nuzhdin & Mackay, 1995 ; Domı! nguez & Albornoz, 1996 ; Vieira et al., 1999 ; Maside et al., 2000) . It should be pointed out here that independent Southern estimates of element abundance of 297, 412, copia and jockey in the same Madrid lines, can be found in Domı! nguez & Albornoz (1996, table 3) . There is no systematic difference between the two data sets, and the smaller estimates for 412 and 297 in our study can be explained by : (1) in Domı! nguez & Albornoz (1996) these two families were expected to generate more than one band per element copy, and (2) we only considered bands larger than 5 kb (see Section 2.iii). Roo is the most abundant family, with 27 and 39 copies per genome in the respective backgrounds, although these values are well below the usual abundances reported for this family from in situ data on natural or laboratory populations (Nuzhdin & Mackay, 1995 ; Bie! mont & Cizeron, 1999 ; Maside et al., 2000) .
For each family, the transposition and excision rates per element copy per generation were estimated by dividing the number of events (gains or losses of bands, respectively) by the number of opportunities (calculated as the total number of copiesinumber of linesinumber of generations of accumulation), as in Nuzhdin & Mackay (1994) . When no movements were detected for a given family, the 95 % upper confidence limits for the transposition and excision rates were calculated, assuming that element movements follow a Poisson distribution ( Table 2) . The rates of movement of different families and the effect of genetic background were compared by means of a likelihood-ratio test, assuming that twice the difference in log-likelihood of the parameters is χ# distributed, with one degree of freedom for pairwise comparisons (Sokal & Rohlf, 1995, chapter 17) .
Five movements were detected in the Beltsville background after 31 generations of accumulation : four insertions and one excision ( Table 2 ). The mdg-1 family, with two transpositions, is the most active. In this background, differences in transposition rates between families are not statistically significant. The pooled transposition rate for all families is 1n27i10 −& , 4 times that of excision (3n17i10 −' ). As one would expect with such a small total number of events, these rates are non-significantly different from each other.
In the Madrid background, after a much longer period of accumulation (262 generations), 237 elements had moved, with the detection of 207 insertions and 30 excisions ( Table 2 and Appendix) . Roo is the most active family, with an estimated transposition rate of 2n08i10 −% , 10 times higher than the next most active family, doc, which transposed at a rate of 2n10i10 −& new insertions per copy per generation ( P 0n001). No movements were detected for 412. Excision rates were lower than transposition rates for most families, and the pooled rate of excision (6n8i10 −' ) was significantly lower than that of transposition (4n69i10 −& ; P 0n001), as usually observed from in situ generated data sets (Nuzhdin et al., 1997 ; Maside et al., 2000) .
The pooled transposition rate is lower in the Beltsville than in the Madrid background : 1n27i10 −& versus 4n69i10 −& , respectively ( P 0n005). This difference could be interpreted as evidence of host genotype-TE interactions determining the rates of movement in the different genetic backgrounds (Pasyukova & Nuzhdin, 1993 ; Bie! mont et al., 1997 b ; Nuzhdin et al., 1998) . The pooled excision rates are not, however, significantly different between backgrounds. If roo is excluded from the calculation on the basis that it is an outlier, the difference between the pooled transposition rates from the two genetic backgrounds becomes non-significant, suggesting that host genotype-TE interactions take place in a familyspecific manner. This is in agreement with the high heterogeneity observed in the rates of transposition of some other element families in different genetic backgrounds, as have been reported for doc and copia (Pasyukova & Nuzhdin, 1993) . A high rate of transposition of 412 in one out of five sets of independent isogenic lines constructed with chromosomes extracted from the Beltsville population has also been detected by us (data not shown).
(ii) Element abundances and rates of mo ement from in situ hybridization results
Here we report data from in situ hybridization with probes for nine TE families in 10 inbred lines randomly chosen from the Madrid genetic background previously used for the Southern analysis. The accumulation period was 265 generations. The ancestral state of each TE family was inferred from the sites common to the 10 lines analysed. All elements in the ancestral state as well as the new insertions were mapped onto the polytene chromosome map of Lefevre (1976) . Detailed data on element positions will be provided upon request. Two of the chosen lines, M21 and M22, shared two of the six new roo insertions found in them. The probability of this being result of chance is very low, and points towards the possibility of a mixture of the lines during the accumulation process, a hypothesis reinforced by the fact that the two lines have consecutive ordinal numbers. As a precaution, these lines were discarded from the analyses and substituted by two others chosen at random. Two hundred and eighty-nine element copies were detected in the ancestral estate. Roo, with 63 copies, is the most abundant family, followed by jockey and doc with 59 and 43 copies, respectively (Table 3 ). The mean element abundance per family is 32n1p6n1, in approximate agreement with other in situ data reported from studies with different populations of the same species : 22n4p3n6 in a study of 16 families in Nuzhdin & Mackay (1995) , 27n2p6n9 in Bie! mont & Cizeron (1999 ; averaged from the same subset of families included in the present study) or 23n7p4n7 for a similar set of families in Maside et al. (2000) . However, it is interesting to note that this estimate is significantly larger than the one obtained in our Southern analysis of the same genetic background (22n9p2n6; Section 3.i). Although the two approaches yield similar results for most families, particularly for those with low copy number, in situ abundance estimates for the most abundant ones tend to be significantly larger than the Southern estimates, being almost twice as large in the case of doc, jockey and roo (Tables 2, 3) .
Two main factors associated with the Southern technique may account for this systematic bias. First, based on the expectations of the average size of the restriction fragments corresponding to element insertions, only bands of 5 kb or larger were considered for the Southern analysis (see Section 2.iii). Assuming that the sizes of the genomic sequences flanking the insertions (i.e. the distance between the insertion site and the first site for the restriction enzyme used to digest the genomic DNA in the flanking region) are normally distributed, the probability of finding bands shorter than 5 kb increases with family copy number. Indeed, a few bands between 1n5 and 5 kb were detected in additional Southern blots with probes for jockey, doc and roo, and none for the other families (data not shown). Second, given the level of resolution of agarose gel electrophoresis, it must be borne in mind that Southern blots may become saturated with bands when high copy number families are studied. The in situ data showed that jockey, doc and roo have between 40 and 65 copies per genome in the Madrid background, while the highest Southern estimate was 39. This is clear evidence that the Southern blotting was failing to produce enough bands to identify all the euchromatic insertions. The possibility that a significant proportion of the bands detected in the blots correspond to more than one insertion thus cannot be ruled out.
After 265 generations of accumulation, no excisions were detected. With zero events observed and as-suming that excisions are Poisson distributed, the upper 95 % confidence limit for the excision rate pooled across families is 3n91i10 −' . Transpositional activity was detected for only one (roo) of the nine families included in the study. The resulting estimates of the rates of transposition are shown in Table 3 . Roo showed 77 new insertions, transposing at a rate of 4n61i10 −% transpositions per element copy per generation. With the exception of copia or doc whose transposition rates are significantly lower, the estimates of the rates of movement are in excellent agreement with those reported in the few similar studies available (Bie! mont et al., 1987 ; Nuzhdin et al., 1997 ; Maside et al., 2000) .
As with the abundance estimates, these in situ estimates of the rates of movement are both quantitatively and qualitatively different from those obtained in our Southern blotting analyses (Section 3.i). While the Southern data produced evidence of both element excision and transposition for eight of the nine families (Table 2) , the in situ approach revealed transpositional activity only, and from just one of the families (roo). Furthermore, the pooled excision rate is significantly higher when estimated from Southern than from in situ data ( P 0n005), while the in situ estimate of the pooled insertion rate is higher than the Southern one ( P 0n001) (Tables 2, 3) .
A line-by-line comparison of the results from the 10 lines for which both types of data were available (see note to Table 3 ) confirmed the profound differences between the results produced by the two techniques. Considering all the families except roo, none of the nine changes detected in the Southern data in these lines (five insertions and four excisions : see Appendix) had an equivalent in the in situ hybridizations (Table 3 ). In addition, the number of roo transpositions detected in the Southern blots (20) was only one-quarter of that estimated by the in situ approach (77), and no excision events were detected by in situ hybridization whereas two were inferred from the Southern blots.
There are two possible explanations for these large differences : either the two techniques do not detect the same subsets of elements of each TE family, or they do so but have different sensitivities to the genetic changes occurring during the accumulation period. TE movements in the euchromatin should be detected equally by the two techniques ; however, changes in the length of the DNA restriction fragments that include the TEs, caused by insertions, deletions or point mutations altering the pattern of the restrictions sites, will not substantially change the in situ hybridization results but are likely to cause shifts of bands on the Southern blots and, consequently, an overestimate of the rates of movement.
The good agreement between abundance estimates generated with the two techniques for families with intermediate and low copy number (see Section 3.ii) suggests that they detect roughly the same element insertions. Therefore, the hypothesis of different sensitivities of the techniques was thoroughly checked by : (i) cross-analysing all element movements detected in the Southern analyses of the Madrid background for families other than roo (Appendix) by in situ hybridization ; and (ii) increasing the sample size of the in situ study of roo with six additional lines randomly selected from the same background (M89, M97, M137, M141, M144 and M197). From the 59 band changes (41 gains and 18 losses) revealed in the Southern blots for all families other than roo (Appendix), only one TE movement (an mdg-1 transposition in line M97) was detected by in situ hybridization. For roo, in situ hybridization of the six new lines produced evidence of 54 new insertions and no excision events, showing a similar pattern to that found in the former 10 lines (Table 3) . Combining these in situ data sets, we have a total of 131 roo transpositions and no excision events, as opposed to the 35 insertions and 3 excisions inferred from the Southern analyses of the same set of lines (Appendix).
Given that, for most families of retrotransposable elements, there is no evidence for a correlation between insertion and excision events, an alternative way to test further the hypothesis of the different sensitivities of the techniques is to check whether there is a positive association between band gains and losses in the Southern data alone. This would be the expected outcome if the shift of bands observed in the Southern blots was due not to real element movements but to changes in the length of the restriction fragments that include the elements. While there is no evidence for an association within the in situ data (no excisions were detected ; Table 3 ), Fisher exact tests of independence show that band gains and losses in the Southern data are indeed strongly associated in most families (Table 4 ), supporting the hypothesis that the Southern blotting technique detects events other than element movements.
(iii) Element distributions and rates of recombination within the genome
To investigate whether there is a correlation between the rate of meiotic recombination and the distribution of elements along the genome (Langley et al., 1988) , we compared the observed proportion of elements in regions with different rates of recombination with random expectations. To do this, each arm of the major chromosomes was divided into three regions according to the local recombination rates (tip, middle and base, as in Langley et al., 1988) , and the proportion of TEs in each region was determined. Estimates of the DNA content along the cytogenetic map from Heino et al. (1994) were used to calculate the proportion of the arm represented in each region, and the expected element abundances per region were then calculated by multiplying these values by the total element counts on each arm (Table 3) .
In the ancestral state of the Madrid genetic background, elements are not randomly distributed along the chromosomes. Pooled counts in the three chromosomal regions (see above) show that elements tend to accumulate at the base of the arms (χ# l 10n92, P 0n01 ; Table 5 ). However, the intensity of this effect does not seem to be the same on all chromosome arms. It is significant on the X and 2R (P 0n05), marginal on 3R and 3L (revealed only by the sign of the deviations of the observed with respect to the expected abundances ; Table 5 ) and undetectable on 2L and 4. When element insertions are pooled by family across chromosome arms, only the accumulation of the copia elements at the base of the chromosomes reaches statistically significant levels. Yet all TE families display a slightly skewed distribution, with evidence for an excess of elements at 
The fourth chromosome was considered to be a basal region.
the base and a deficiency at the middle regions, and all families except copia, jockey and roo show an excess of elements at the tip of the chromosomes (data not shown). These results are in good agreement with those reported from a natural population survey using a set of families that was similar to the present set (Charlesworth & Lapid, 1989 ; , where the authors found a tendency for elements to accumulate in the proximal regions of the X and the autosomes.
Discussion
(i) Southern blotting ersus in situ hybridization data
Estimates of TE copy numbers and rates of movement generated by Southern blotting and in situ hybridization are substantially different, and the discrepancies cannot be accounted for simply by considering the different scopes of the techniques (the former screens the whole genome and the latter is restricted to the euchromatin). Southern estimates of family copy number are smaller than in situ ones (Sections 3.i and 3.ii). Given that the Southern method surveys a wider fraction of the genome, the only explanation is that it underestimates TE abundances. The fact that this bias increases with family copy number indicates that the level of resolution of the technique does not satisfy the requirements for this kind of study, and suggests that agarose gels become saturated with bands when highly abundant TE families are involved. The similarity of the TE abundance estimates produced by the two techniques for the less numerous families suggests that most of the bands in the Southern blots correspond to euchromatic insertions, as proposed by Domı! nguez & Albornoz (1996) . This interpretation is also supported by the evidence that most TE copies in the heterochromatin are very fragmented. Genomic clones from the β-heterochromatin of D. melanogaster (Dawid et al., 1981 ; Vaury et al., 1989 ; Maside et al., in preparation) , and also from some of the centric heterochromatin (Rutsov et al., 1999) , show that the heterochromatin generally contains series of short TE fragments, the product of the successive insertion of elements from different families into each other, generating a pattern that resembles that found in the intergenic region flanking the adh1 gene in maize (SanMiguel et al., 1998) . This fragmentation would reduce the detection level of heterochromatic TEs in the Southern blots.
A second outcome from the comparison of both sources of data is the lack of correspondence between Southern and in situ estimates of the rates of element movement : (i) Southern estimates of the transposition rate are significantly lower than in situ ones, (ii) excision rates are higher when estimated from Southern blots (in situ hybridization did not provide evidence of any excisions), and (iii) transposition and excision events are strongly associated when inferred from Southern data only (see Section 3.ii). Point (i) can be explained by the above-mentioned lack of resolution of the Southern blots, as a significant fraction of the new bands may remain undetected, especially when analysing the most abundant families. Points (ii) and (iii) can be explained by the fact that this technique is sensitive to any change in the length of the restriction fragments that harbour the element families under analysis, independently of its cause. Therefore, events such as the insertion of any TE into the relevant restriction fragments would be reflected in the Southern blot as a band shift, and hence spuriously counted as the simultaneous excision and insertion of one element.
The rate at which these apparent double events are expected in a Southern analysis should be greater than or equal to the product of the genomic transposition rate (" 0n1 ; see Section 4.iii)ithe rate of detection of events (35\131, from the roo data in Section 3.ii)i the probability that a TE inserts into a copy of the element family under study (roughly equivalent to the fraction of the genome made up by the family). The product of the first two factors is 0n027 ; the third can be estimated from the data as follows. In the Madrid background, the observed rate of double events can be estimated as the product of the pooled Southern transposition rate (4n69i10 −& ; Table 2 )ithe proportion of transpositions that involve double events (30\207 ; from Appendix) ithe genomic copy number of the set of families analysed (206 ; Table 2 ), which equals 1n4i10 −$ . Equating this with its expectation, the nine families studied here have to make up to approximately 5 % (1n4i10 −$ \0n027) of the genome in order for TE insertions to account for the double events observed.
Even though we lack a direct estimate of the actual contribution to the genome from this particular set of families, several sources of evidence indicate that this value is close to the above expectation. If the approximately 50 TE families described in D. melanogaster (Finnegan, 1992 a) were equally abundant, the set analysed here would represent around 20 % of all TE-derived DNA. However, as some of them are from the most abundant ones (see next section), we expect their contribution to be somewhat higher : between 20 % and 30 %. Given that C o t studies suggest that approximately 10 % of the genome of D. melanogaster is made up of TEs (Manning et al., 1975 ; Spradling & Rubin, 1981) , the families included in this analysis could represent up to 3 % of its genome, which implies that TE insertions into the studied families explain the vast majority of observed double events.
Other processes such as DNA loss (Petrov et al., 1996 (Petrov et al., , 2000 , short indels and point mutations, may alter the distribution of the restriction sites in the element and\or flanking sequence, and could, thus, contribute to the observed band shifts (Dominguez & Albornoz, 1999) . However, given the low rates at which these occur (between 0n25 and 3 times the per nucleotide mutation rate ; Petrov et al., 1996 ; Langley et al., 2000) , a simple calculation based on the expected number of restriction sites per band and the estimated per nucleotide mutation rate of 2n2i10 −* per generation (Keightley & Eyre-Walker, 2000) shows that they can cause only approximately 2i10 −) band shifts per element per generation, a value which is 2 orders of magnitude lower than that observed in our data (6n8i10 −' ).
(ii) Element abundances in the genome of Drosophila melanogaster
Our in situ data yielded a pooled estimate of 32n1p6n1 copies per family per haploid euchromatic genome for the present set of families. Considering that there are around 50 TE families in D. melanogaster (above), the total element abundance can be calculated as around 1500 TE copies per euchromatic genome. Assuming that the average size of an element is 5n4p0n31 kb (averaged from the sizes of complete sequences of the TE families reported in Flybase), approximately 8 Mb of the 120 Mb that constitute the euchromatic genome of D. melanogaster (Adams et al., 2000) correspond to TEs (7n5 %). Therefore, if 18 Mb of the D. melanogaster genome corresponds to TEs (see above), the 60 Mb of heterochromatin (Adams et al., 2000) must include the remaining TE-derived DNA (" 10 Mb). This implies that the density of TE-derived DNA in the heterochromatin must be around 17 %, almost 3 times higher than in the euchromatin. This estimate is in accord with an observed moderate enrichment of TEs in the non-euchromatic section of the genome, reported from a slot blot study in isogenic lines derived from the Beltsville population , as well as with other experimental evidence that TEs tend to accumulate in the heterochromatin (Pimpinelli et al., 1995 ; Junakovic et al., 1998) .
Further reinforcing this line of reasoning is the fact that the subset of families chosen for the present study may have led us to underestimate the true element abundance in the heterochromatin. Most of them are among the first-known TE families in D. melanogaster (Bingham & Zachar, 1989) , probably because they are more active and, hence, more abundant in the euchromatin than other TE families (Nuzhdin et al., 1996 ; Pasyukova et al., 1998 ; Maside et al., 2000) . In fact, the mean family copy number estimated from data from a broader set of families is 18n1p3n2 https://doi.org/10.1017/S0016672301005201 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 19 Sep 2019 at 13:46:28, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. (Bie! mont & Cizeron, 1999 ; Table 1 ). If this value is used to extrapolate as above, the total euchromatic copy number in this species is approximately 900 elements ; following the same reasoning, the proportion of TE-derived DNA in the heterochromatin would then be over 5 times higher than in the euchromatin.
(iii) Rates of mo ement of transposable elements
Our in situ results for the Madrid lines yielded a pooled rate of 1n01i10 −% transpositions per element per generation (Table 3) , and an excision rate about 2 orders of magnitude lower (3n91i10 −' ), in excellent agreement with previous data, particularly with the estimates produced by Maside et al. (2000) with a similar set of families in a different genetic background. The experiment of Maside et al. (2000) also differed in that only second chromosomes were involved, and they were maintained heterozygous in males, with no opportunity for crossing over. In the present experiments, all the chromosomes were followed, and transpositions could occur in both males and females.
Such good agreement is thus remarkable, especially considering the high levels of between-line variability reported for certain TE families such as copia (Nuzhdin et al., 1996) and 412 (see Section 3.ii), and suggests that the overall genomic transposition rate tends to have a roughly constant value. Taking into account our estimates of 900 copies per genome (see Section 4.ii), this can be approximated to 0n10 transpositions per generation, in good agreement with Maside et al. (2000) but substantially lower than the estimate of 0n20 reported in Nuzhdin & Mackay (1995) .
Another important aspect of this new set of data is that, consistent with previous observations (Charlesworth & Langley, 1991 ; Nuzhdin et al., 1997 ; Maside et al., 2000) , it suggests that the genomic excision rate is around 2 orders of magnitude lower than that of transposition. This has been interpreted as support for the selfish DNA hypothesis, which proposes that elements are maintained in the populations by an equilibrium between tranpositional spread, and one or more opposing deterministic forces (Charlesworth & Langley, 1991) . However, the generality of this conclusion was strongly questioned by the results of Domı! nguez & Albornoz (1996) , who reported unusually high rates of excision (of the same order as the rate of transposition) from a Southern analysis of the same Madrid lines as were used in the present work (Domı! nguez & Albornoz, 1996 , tables 1 and 2). As discussed in Section 4.i, the comparison of Southern and in situ data from the same TE families on the same accumulation lines has provided us with enough evidence to question the reliability of Southern analysis as a method for estimating rates of element movement.
This leads us back to the selfish DNA hypothesis. It is generally accepted that selection plays a major role in controlling element spread in natural populations. The nature of the target of selection is, however, a matter of debate (Hoogland & Bie! mont, 1996 ; Charlesworth et al., 1997) . The insertional mutation model proposes that selection acts against the deleterious effects of element insertions into nearby genes (Charlesworth & Charlesworth, 1983 ; Langley et al., 1983 ; Charlesworth, 1985) . Alternatively, the ectopic exchange model proposes that, even when many insertions may cause small or negligible fitness effects due to insertional mutations, they are prevented from accumulation by the action of selection against the severe deleterious effects of chromosomal rearrangements produced by ectopic recombination between TEs inserted in non-homologous chromosomal locations (Montgomery et al., 1987 ; Langley et al., 1988 ; Charlesworth & Langley, 1991 ; .
Results from theoretical studies suggest that, with TE abundances and rates of movement of the magnitudes reported here, equilibrium would only be possible in a scenario where the selection coefficients of many euchromatic insertions fit within a very narrow range of values, of the order of the transposition rate (" 10 −% ), so that not all elements are eliminated from the population by selection. Otherwise, element insertions would be expected to build up rapidly in numbers at neutral or weakly selected sites (Charlesworth, 1991) , in contradiction with the very few cases of fixation of an element insertion at a particular site, and the low element frequencies reported almost universally from natural population surveys Maside et al., 2000) . Under the insertional mutation model, this can only be explained if there are no neutral or nearly neutral sites in the whole euchromatin. This seems unlikely given the possibility of elements inserting into introns, intergenic regions or duplicated DNA fragments. In contrast, this criticism does not apply to the ectopic exchange model, which postulates that selection coefficients on insertions are a function of two variables : the frequency of the insertion in the population and the local rate of recombination (Langley et al., 1988) .
(iv) Element distributions within the genome
If ectopic exchange is the main force controlling element spread, and the rate of exchange is related to the rate of meiotic recombination, an inverse correlation between local rates of meiotic recombination and element abundance is expected (Langley et al., 
1988).
Predicted outcomes of this model are (i) a deficit of elements on the X chromosome with respect to random expectations on the basis of the proportion of genome it represents, and (ii) higher element abundances in regions of reduced rate of recombination.
In agreement with these expectations, we have detected a slight deficit of elements on the X chromosome ; in the Madrid population it contains 0n17 of the elements from the set of families analysed (data not shown). This value lies precisely between the two alternative versions of the ectopic exchange model : with ectopic exchange between element copies located throughout the genome, or only between elements within the same region (Langley et al., 1988) . However, there is a high variation in this effect across families, and with the present sample size there is no power to reject the relevant alternative hypotheses of neutrality, or of the mutational effect of the insertions (under which the expected fractions of elements on the X would be 0n20 and 0n13, respectively ; Langley et al., 1988) . A similar situation has been found in other data sets available. Even though the deficit of elements on the X is commonly found for many TE families and genetic backgrounds, it is unclear whether or not it is a consequence of ectopic recombination (Montgomery et al., 1987 ; Langley et al., 1988 ; Bie! mont et al., 1994 Hoogland & Bie! mont, 1996 ; Vieira & Bie! mont, 1996) .
The second prediction of the ectopic exchange model is that elements should be found at higher frequencies\abundances in regions of the genome with a reduced rate of recombination (the tip and the base of the major chromosome arms, and the fourth chromosome). Our in situ data revealed a significant excess of elements in the proximal regions of the major arms, but no significant accumulation of elements at the tips of the chromosomes (mainly due to the results on the X and 2L), or on the fourth chromosome, was detected (Table 5) . A similar pattern was found in a natural population survey , and the apparent lack of accumulation of elements at the tips of the chromosomes has been interpreted as evidence that ectopic exchange cannot be the only force checking the spread of elements Hoogland & Bie! mont, 1996) .
Despite the facts that the reduction in the rate of meiotic recombination generally affects the three most proximal chromosome sections of each autosomal arm, and that the reduction in that rate is of the same magnitude at least along the first two of them (starting from the centromere) (Charlesworth, 1996) , the accumulation of elements in these regions is strongly correlated with the distance from the insertion to the recombining portion of the genome (the average densities of elements in the three most proximal divisions of the autosomes from the present in situ data are 0n045, 0n014 and 0n005, respectively ; data not shown). It is also worth noting that the regions of reduced recombination at the tips of the autosomes are significantly shorter, both physically and in terms of their DNA content, than those at the bases (1n3p0n2 Mb vs 2n3p0n2 Mb per region per chromosome arm, respectively ; from Heino et al., 1994) . These observations are compatible with a simple scenario in which the reduction in the rate of ectopic exchange is only effective if both elements involved are in a region of reduced recombination. That condition would not easily be met at the telomeres or on the fourth chromosome, which are of the same approximate length, providing an explanation as to why the accumulation of elements is more evident at the bases of the major chromosomes.
These data on the distribution of elements along the genome, along with other evidence for accumulation of elements in regions of low recombination, such as chromosomal inversions found at low frequency in natural populations (Eanes et al., 1992 ; , strongly suggest that the distribution of elements is consistent with the ectopic exchange model.
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